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~ During all. Lunar Orbiter ‘missions, significant differences were noticed between
-the observed .and predicted doppler tracking data, especially at the periapsis of
the orbit. Various areas including the data acquisition system, computer program
operation and physical médels have been investigated as possible causes. It is
the purpose of this report ta document the results of this study. '
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The investigation concerned with: fhe defarmmahon of the cause af Lunar Orb;ter

doppler residuals was begun under NASA contract NAS1-3800, CCN 157B and was
completed under contract NAS1-7954, Task C. This documenf is a final report cover-
ing all the work done oﬁ th:s sfudy from October 1967 through sfudy compleﬁon,
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12,0 INTRODUCTION

The perilune residual problem first became ohvious when the Lunar Orbiter | spacecraft
was maneuvered into orbit. As the perilune region of the orbit became visible to the
earth~based tracking stations large doppler residuals were found to be present. A
doppler residual is simply the difference between the doppler observed by the tracking
stations and. the doppler computed by the Orbit. Determination Program (ODP). To
generate a predicted spacecraft ephemeris the ODP uses a trajectory program containing
.a specified model intended to describe all significant forces acting on the vehide
including a spherical harmonic expansion of the lunar gravitational field.

During the translunar portion of the Lunar Orbiter mission the doppler residuals
approached the noise level of the data as shown in Figure 2.1. After the spacecraft
“achieved lunar orbit the residuals increased by one or two orders of magnitude. The
phenomenon is illustrated in Figure 2.2 for the Lunar Orbiter 1V mission. The perilune
altitude in this case was approximately 2700 km which accounts for fhé relatively small
residuals. A\

The relationship of residual magnitude to perilune altitude is shown in Figure 2.3. All
points are data from Lunar Orbiter missions which include various orbital inclinations,
apolune altitudes and tracking station-orbit viewing geometries. The indication that
residual magnitude is a function of the inverse square of the perilune altitude is
obvious from comparisan with the two inverse square curves provided. This phenomenon
indicates that perturbation accelerations from lunar surface features could be the cause
of the perilune residual problem.

The amount of data included in the arc seriously affects the shape of the perilune
residuals. Results of including and deleting data surrounding perilune is shown in
Figure 2.4 where the second orbit of a three orbit arc is plotted, A significant
difference in the magnitude of the residuals is apparent in the region of perilune.
During the first Lunar Orbiter mission doppler data surrounding perilune was deleted from
the data arc since the most distinct residual perturbations occurred in that region. The
resulting state vector determinations were used for photography prediction. Most photo-
graphy was accomplished at perilune and it has since been determined that the method
was of questionable value since the larger doppler residuals indicate a larger deviation
from the predicted trajectory. A more accurate prediction of photo locations will be
obtained if all data is included in the OD data arc.

The relahve orbit plane-tracking station geometry had a significgnt effect on the magni-
tude of the perilune residuals. Figure 2.5 indicates the increase in residual magnitude
as the orbit plane rotates edgewise to' the line of sight from the tracking stations. Also
‘there is a slight increase in the frequence of the residual function os the orbit changes
relative position to the earth. Since information in the doppler data is only available
in the line~of-sight direction it is necessary that the residual amplitude exhibit this

Y
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tendency if surface features are the major cause of the perilune residual problem. Any
significant unmodeled acceleration causing a trajectory perturbation would be more
easily detected when the perturbation is in the radial direction from the tracking station.

This document reports the results of. various studies performed to determine the cause of *
~ the Lunar Orbiter perilune, residual phenomenon. The investigations included are:

Fourier analysis of Lunar Orbiter tracking data
Deep Space Network doppler tracking system
One way doppler tracking

Lunar atmosphere

Surface terrain

"SHEET 3
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3.0 - SUMMARY

B | . :
The results of this study indicate a very distinct correlation between the doppler
residual patterns (of orbit determination data arcs involving single orbits) and the
ground track of the spacecraft. In some cases the residuals can be directly related
to terrain changes on the lunar surface but this was not true in all instances
(Reference 11).

An investigation of the simulated and actual doppler tracking data using Fourier
transform methods shows a distinct difference between the signatures of the simulated
‘and actual data but no dominant coefficients exist in any frequency range which
could consistently accouht for fhe residyals.

One way doppler tracking data exhibits similar residual patterns to that of two and

. three way doppler data verifying that no problem exists in the uplink electronic
systems. A thorough study of the complete spacecraft-DSN (Deep Space Net) data
acquisition system has led to the conclusion that it in no way could cause the
residual phenomenon. o

The direct measurement of the orbital period of a Lunar Orbiter spacecraft indicates
that the existance of a significant lunar atmosphere above the altitude of 100 km is
very unlikely. ‘

It is obvious from this study that there is o serious need for more analysis on the
lunar gravitational model. The magnitude of the doppler residuals encountered
during this study indicate the deficiency in the currently available lunar models.

SHEET 8
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4.0 FOURIER ANALYSIS OF LUNAR ORBITER TRACKING DATA
4.1 INTRODUCTION

This study is specifi cally toncerned w:fh an attempf to determine whefher the sysfem-
atic effect observed in the doppler residuals during the lunar orbit are present in the
observed or the predicted doppler shift. This question is significant because :

1)  The only sym‘pf;:m of this perilune phenoménoh has been from the
doppler residual histories, produced by forming:

" Residuals = Observed Doppler - Predicted Doppler

2) It is not ¢ledr whether the phenomenon (or phenomend) causing these
large perilune residuals are present in the observed data or are induced
by the simulation which calculates the predicted doppler.

3)  Present selenddetic research is proceeding on the basis that this perilune
residual phenbmenon is present in the observed doppler and is an exhib-
ition of irregularities in the lunar gravitational field.

The problem posed for study was: is it possible to observe a systematic phenomenon
in either the observed or predicted doppler data which could cause the large doppler

- residuals at perilune?

The problem may be more precisely formulated in the following way:

Let: R(t) = the residual function
- f(t) = observed doppler observations
g(t) = predicted doppler observations

then: R(f) = f(t) - g(t)

Thus the above‘quesﬁon may also be written as: it is possible to detect a systematic
phenomeron in either f(t) or g(t) that correlates with the behavior of the residual
function R(t) near perilune?

4.2  METHOD OF ATTACK

The basic method of attack chosen' was:

1) Assume that the phenomenon causing the perilune residuals is confined
entirely to either the observed or predicted data.

SHEET 9
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4

2)

3).

2

- That is, let: '

S ) = )+ ¢)
g = h(+ e
where: | |
,h(t’ "= function common to both the observed and predicfed
~ doppler observations
Y(t) = function umque to observed observations
¢(t) = function unique to predicted observations
P # et
therefore:
RO = [h) + w@] - [ho + 20

The assumption is that either ¥(t) = 0 or #(t) = O.

" Assume that the Fourier transform of the residual function R(t) would

produce a uniformly converging set of coefficients except for @ dominant:
spike over a narrow band of -frequencies correspondmg to the residual
phenomenon.

-Examine the Fourier coefficients of f(t) and g(t) to determine if a Smgle

coefficient or narrow band of coefficients dominates in one set of dafa
and not in the other. '

In order to execute the above a’pproach'fhe following specific tasks were performed:

One specific Lunar Orbiter (L/O) frackmg pass was selected for
intensive study.

"The observed two  way doppler shift obtained during this pass was

obtained and this data simulated with the L/O real time orbit determina-

tion program (ODPL).

An exlshng Fourier analysls computer program was modified fo caleulate

‘the Fourier coefficients of the Founer series that fit the data.

This program was upphed to the observed and slmulafed two way doppler
shift data in the region of perilune.

The Fourier coeffi c:enfs were ploﬂed against their order and fhe results

analyzed.

SHEETLD
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4,3  ANALYSIS

4.3.1 Orbit Selected

perilune.

D)

3)

The specific data selected for this sfudy was a pass of two way coherent doppler data
taken from the L/O |V extended mission phase, after the spacecraft had been trans=-
ferred into a Mission V-like orbit. A specific description of this data is as follows:

ORBIT NUMBERS 98, 99, 100
DATA SPAN 6/16/67-1901 GMT to 6/1 6/67—2339 GMT
STATIONS 62, 12 (Madrid, Goldstone)

ORBITAL CHARACTERISTICS :
Epoch:  6/16/67 - 19" 0™ 0° GMT

Apolune Altitude = 3956.9 km
Perilune Altitude = 69.64 km
Inclination = 85.29 deg.
Nodal Longitude = 334,01 deg.

Argument of Periapsis = 355.99 deg.
Period = 343.63 min.
Time of Perilune Passage = 6/16/67 - 19h_ 47™ 31.3% GMT

This orbit configuration was selected primarily because the high apolune and low peri~
lune altitudes gave almost no residuals at apolune and relatively large residuals at
Also important was:

The spacecraft was tracked extensively during the time when both
apolune and perilune were visible from the Earth and during a time
when no spacecraft maneuvering occurred other than limit cycling.

There were relahvely few "b!under" points and/or mlssmg pomfs in
the data stream.

- The doppler resolver was on line durmg thns period of time wh;ch
: substanhally reduced fhe noise level of the time. -

SHEET 1 | - P
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:above. The Lunar Orbiter Real Time Orbit Determination Program, ODPL, was used

‘motion and moon motion effects. This data was obtained by making all gravitational --
.constants very small and using an initial state vector for the spacecraft that put it into

4.3.2 Simulated Data

Two sefs of simulated data were used in the study. All elements of fhe two simula-
tions were common except that two different lunar gravitational models and solution
vectors were used: :

1) Sphérical Mbon and state vector solution only.

2 LRC ”/” Moon Mode! and state vector plus e:ghf grovtfahonal
harmomcs. .

Both sets of data wére produced by fitting the 12 hours of 2-way doppler data described
to produce the simulated data., Figures 4.1 and 4.2 show the doppler residual plots _
that ‘resulted from the spherical moon and LRC 11/11 harmonic moon simulations respect-
ively. ~ :

A third set of simulatéd'JOppler data was also produced to allow subraction of station
a circular orbit of large period at 1 km from the moon's center, Subtraction of this

simulated doppler data from the observed and simulated data fhus results in radial velo-
clfy doppler shifts. . ..

4.3.3 Fourier Analys:s Compufer Program

A Lunar Orbiter Fourier Analysus Program (LOFAP) was written to compute the Founer
coefficients of a set of discrete data. The program consists essentially of input-output
coding written around an existing "fast" Fourier transform routine called CTFOUR.
This subroutine is a Boeing version of an IBM routine and uses an algorithm due to
James W. Cooley and John W. Tukey (Reference 1). The program requires 2" data
points, i.e.; 2, 4, 8, 16, 32, 64, etc. and a typical compilation and run time is
10 seconds. The foHowmg capablhhes are built into the program:

1)  Interpolation between data points.
- & - Time shifting of dafa points by mfeger numbers of pomts.

3) Subtraction of a lmear function of the end point values to make the
- data funcfion continuous at fhe end points.
4) 'Subh'uchon of quadrahc function of the end point derivatives to make
the first derivative of the function continuous at the end points.

5)  Reflection of the input data to make the resultant function even or odd.

(text continued on page 25)

T
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It was also necessary to cteate a separate interpolation program (INTERP) to interpolate
between data points whenéver a gap existed in the daia stream. These gaps were due
to blunder points, formats, errors, etc., and data arrays with gaps are not acceptable
to LOFAP. The interpolation routine used was TAB, a standard Boeing routine which is
in the Univac 1108 library. TAB is a variable order (1 to 5) Aitken's method routine . -
Fourth order interpolation Was selected as most suitable from a series of test runs which
showed that the error to be expected from fourth order interpolation between two ‘
- . points is on fhe order of .01 cps.

4.3.4 Application of Lo#,AP |

Table 4.1 is a summary chart of the runs made with LOFAP. The three sets of observed
data used were DSS 62 Perilune, DSS 62 Apolune and DSS 12 Perilune.

The data for the cases involving 129 points were from DSS 12 instead of DSS 62 because
‘it was desirable to have perilune in the center of the data stream and there were not’
enough points upstream of the DSS 62 perilune. The number of data points was ex-
panded from 33 to 65 to 129 in an attempt to make the period of the perilune oscil-
lations shown in Figures 4.1 and 4.2 small compared to the total span of data used.

The parameters varied in each run (shown by the column headings in Table 4.1) are
explained below: :

1)  First Data Point =~ An effort was made to cause the center point of
the data stream to coincide with the perilune points, except in cases
3, 6, and 11 where the data were deliberately offset to observe the
effect on the Fourier coefficients. Cases 4 and 7 are also offset but

- for a reason explained below in the Data Interpolation paragraph.

2 Apolune Data =~ One case was run with apolune data to see if the Fourier
signatures were similar to those produced by the perilune data.

3)  Perilune Data =~ Self explanatory.

4) First Derivative Made Continuous -~ It was recognized from the beginn-
ing that it was necessary to make the doppler data a continuous function
over the interval considered to obtain any convergence of the Fourier
series. This was accomplished by subtracting a linear function of the
end point values to force the data to assume values of zero at the end
points. After several runs had been made, it was observed that the first
derivatives to be continuous by subtracting a quadratic function of the
end point derivatives from the datato obtain faster convergence of the
Fourier coefficients.
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4.5

6)

Theend point derivatives were computed by mférpolahng to find values

of the function a distance ( € = .01) on either side of the end points,
dufferencmg these values and dlv:dmg by 2.

Station Mdhoh Subtracted -~ lt was postulated that subtrachon of fhe
tracking station motion and moon motion. effects might cause the resultant
data to be more periodic and thus cause the Fourier coefficients to con-

~ verge more rapidly. Hence the ODPL run described in Section 4.3.2 of

this report was made. The data produced by this run represented the
doppler shift a station would observe by tracking the center of the moon.

~ “Subtraction of this data from the total spacecraft doppler data then pro-

duced @ moving plane-of-fhe-sky radial velocity doppler shift history,

‘which was used in Cases 5, 6, and 7.

Data lnferpolafed:fo Make Function More Periodic =- Examination of the
data produced by subtracting the linear trend from the original doppler

shift values, in Case 1, showed that the resultant function was basically
sinusoidal in nature but was aperiodic in the sense that the value of the

"“function was not zero at 7/2 but had a small negative value. The same

effect: was noted in Case 3 except that the value of the function at /2
was now a small positive value. This suggested that if interpolation was
used o time shift the data o fractional part of a minute so that the
value of the function went to zero 7/2, convergence of the Fourier
coefficients might be hastened. /

RESULTS

“Results obtained are shown in Figures 4.3 through 4.18, which are plots of the higher
order Fourier coefficient magnitudes vs. their order in fhe expansnon for the casés

shown in Table 4.1.

CONCLUSIONS L

1)

There are detectable differences between the Fourier signatures of the
observed and simulated doppler shift data near perilune but there is no
one dominant coefficient or narrow band of coefficients in either data

‘source of sufficient magnitude to account for the residuals shown.

 To the same scale, there are no detectable differences between the

Fourier coefficients of the observed and simulated doppler shift data -
near apolune, except in the vicinity of the noise level.

.To ‘the same scale as (1), there is no detectable difference between the
VFourler coefficients of the data created with a simple moon model (- . .~
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5)

. 10)

| 15}

 (LRC 11/11 model modified by orbit determination solution for 8 harmonics) |

‘centrate the ‘coeﬂ" cients’ini'o one or a‘narrow band of frequencies..

_produces Fourier signatures that are very similar to those obtained from

- physical -effect present in the observed data which is not due to station
motion, moon motion, or lunar harmonic model.

8 |

. vous at the end pomfs.

‘observed and simulated data large enough to account for the perilune

" through a range of coefficients and not concentrated at any one frequency.

by a At to cause the data function to be zero at 7 /2 for the chserved

The LOFAP pnntou‘l' for Cases 13 and 14 show that the spherical moon

_ observed data to null the function at /2,

S s e

(spheﬂcal ‘moor) and the data created with a more complex moon model

Time shifting and iﬁ}éfpoluﬁoﬁ on the observed and simulated data sign-
ificantly changes the Fourier coefficient signatures, but does not con~

Subtraction of fhe doppler shift due. to stahon motion and moon motion
from the ebserved and simulated data (reduction to radial velocity datd),

the data with station motion and moon motion included. Thus there is a

There are several orders of magnitude difference between the even and odd
Fourier coefficients when the first derivatives are not forced to be contin=-

Forcing the; first derivatives of the data to be zero at the end points
reduces the difference between the even and odd Fourier coefficients.

There is no significant increase in the rate of convergence of the smallest
coefficients when the first derivatives are made continuous.

Compurisonk of the magnitudes of the lower order coefﬁcients (i.e. 0=-5)
in the LOFAP runs shows differences between the coefficients of the

residuals in Figures 4.3 and 4.4; however, these differences are spread

The LOFAP printout for Cases 1 and 4 show that time shifting the data
data does not also cause. the simulated data function to be zero at 7/2;

in all cases, the simulated data function still had a small value at # /2,

simulated data must be time shifted by 60 milliseconds more than the

£
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5.0 DEEP SPACE NETWORK DOPPLER TRACKING SYSTEM

| 5.1°  INTRODUCTION

This investigation examines the possibility that the perilune doppler residual phenomenon
-observed during the Lunar Orbiter flights may have been caused by hardware discrep=

. ancies in the Spacecraft-DSN doppler tracking system. The possible discrepancies

- examined are the tracking capabilities of the phase lock loops (Spacecraft and DSN)
and multipath interference with the up-link signal.

~ Under conditions of large frequency offsets (AF) and/or large doppler rates (AF), it
is possible to stress a phase lock loop to the point where it will begin to unlock or
"skip cycles". 1f the loop isn't stressed to the point where it will unlock, the cycle
skipping will be passed on and result in an incorrect doppler count. Also, if the loop
signal=to=noise ratios (SNR's) become small enough, the loop will begin to unlock--
again resulting in cycle skipping. (References 2, 3, and 4). Either or both of these
conditions may then result in a case of cy:}e skipping which would cause an incorrect
reading in fhe doppler count at the DSIF. :

Up=link mu!h-path had been ruled out premousi% (Reference 5), the reasomng bemg
that residuals still were present even when perilune occurred at the edge of the moon's

- dise and the line of sight from the DSIF antenna Jﬂd not intersect the moon-~hence
minimal reflections from the lunar surface. However, since the main beam of the
DSIF antenna has a 0.3° beamwidth, half of the antenna beam (.15°) is still inter—
secting the moon when the spacecraft is at the disc edge. Therefore, up~link multi~
path still remains a possible cause for the doppler resndua!s.

5,2 METHOD OF ATTACK

In an ottempt to investigate the effects of up~link multipath in more detail, a post
mission .ekperiment was conducted with Lunar Orbiter V in which the spacecraft was
tracked one-way during perilune. Data from this experiment is analyzed to see if the
residuals are still ‘present and, if so, whether or not the trackmg system was respon-
slble for their presence. .

5.3 ANALYSI s .

5.3. ] Trackmg System Capabilities

1) * - Spacecraft -~ The tracking capability of the phase lock Ioop in the
- spacecroft transponder is highly dependent upon the magnitude of the
received signal strength. The tracking loop bandwidth varies with the
magnitude of the signal strength, having_its minimum bandwidth at
vy threshold and its maximum bandmdth at strong signal conditions.

SHEET '-}

Y
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. The received signal levels experienced by the spacecraft during the five
Lunar Orbiter missions ranged between ~90 dbm and -100 dbm. For the
phase lock loop in the spacecraft fransponder this corresponded to strong
signal conditions. Table 5.1 lists some of the loop parameters for the
transponder and their relation to received signal strength.

’ .; PARAMETER VALUE

" Threshold 142 dbm
Phase-locked loop " 2B (-142 dbm) -100 dbm
- equivalent noise ‘ - :
bandwidth 28, (-110 dbm) 540 Hz
| AF _ (~142 dbm) + 3.6 KHz
Frequency Offset o max ,
R AF ___ (-110 dbm) + 63.5 KHz
AF __ (-142 dbm). 149 Hz/sec
Doppler Rate . . ' .
AF __ (~110.dbm) 5.76 KHz/sec
TABLE 5.1

TRANSPONDER LOOP PARAMETERS

Since the signal received by the i'ransponder was always greater than =110 dbm, the
loop was capable of tracking an incoming signal offset in frequency by as much as
63.5 KHz and having a frequency rate of change up to 5.76 KHz/sec. With the
spacecraft experiencing one way doppler shifts (frequency offsets) on the order of 15 KH4
and doppler rates of change of 17 Hz/sec, the loop could easily track all incoming
signals. During Missions Il through V, the uplink frequency was offset by as much as
(96)(420) ~ 40 KHz (S-band); with this offset the total frequency shift was 15 KHz

.+ 40 KHz = 55 KHz, still well within the capability of the loop. It may appear that *
the loop is beginning to be stressed at a frequency offset of 55 KHz (it is still more-
than 8 KHz within its capability, however), but it should be remembered that during
Missions | and 1l there was no offset at the DSIF transmitter, yet residuals were present
during those miésions as well as during the last three.

With fhe transponder operating at strong sugnal levels, the s:gnol-to-no:se ratios in the
" loop are:

-SHEET 4+
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Lo
Threshold - = -142 dbm . _
Noise Density = =142 -20 = -162 dbm - Hz
2B (>-110.dbm) = 540 Hz = 27.3 &b |
~ Loop Noise Power (> -110 dbm) = -162 + 27.3 = -134.7 dbm
SNR (- 90 dbm) = - 90+ 134.7 = 44.7 db |
" SNR (-100 dbm)} = -100 + 134.7 = 34.7 db

% 2B = 100Hz = 20 db

With loop signal-to-noise raf-ios‘ ranging from 34.7 db to 44.7 db the transponder was
essentially operating in a c¢lean signal mode (no noise). With the loop operating in a

_clean signal mode and well within its tracking caopability, the possibility that any dis-

crepancies in doppler tracking arose in the transponder phase lock loop must be dis~
counted. ' :

2)  DSIF == The tracking capability of the DSIF phase lock loop is dependent
not only on received signal strength, but also on the choice of the loop
bandwidth setting. Table 5.2 lists some of the loop. parameters for the

- DSIF receiver. Reference 6 contains a more detailed listing of the loop

- - parameters,
Parameter 2 BLO (T hreshdid)-
T2ZHz 48Rz 152 Hz
Threshold* -166 dbm "~ - 160 dbm - 155.8 dbm
2 B, (Strong Signal) 132 Hz 274 Hz 518 Hz
A°F (Strong - Signal)** 160 Hz/sec. 1500 Hz/sec. 7500 Hz/sec
TABLE 5.2

DSIF LOOP PARAMETERS

The nominal setting for the loop bandwidth was 12 Hz when tracking (doppler) data was
being extracted by the receiver system. During the Lunar Orbiter missions the received

'signal strength at the DSIF ranged between ~135 dbm and -145 dbm when the space-

craft was in the low power mode. With a threshold of ~166 dbm, this corresponded to
loop signal-to-noise ratios of 21 db to 31 db over design threshold., Table 5.3 lists

*  For Ty = 165°K (System noise temperature with antenna pointed at the moon)

**  Frequency offset = 230/10° Hz

SHEET 43
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the tracking capabilities of the loop for these SNR's..

Parameter | db oyer' Design Threshold Value ;
AF 21 o 30/100 Hz
A°F 21 . 95 Hz/sec
AF 31 - 3/10° Hz
&°F 31 150 Hz/sec

TABLE 5.3

LOOP PARAMETERS — 21 DB AND
31 DB SNR OVER DESIGN THRESHOLD

The maximum 2-way doppler rates experienced in lunar orbit were on the order of

30 KHz maximum. (See Figure 5.1 for a typical example.) With the SNR's that
existed in the loop, this doppler rate was well within the capability of the tracking
loop. To investigate the effects of the loop bandwidth setting on the doppler residuals
an experiment was conducted in which the spacecraft was tracked two-way in the high
power mode (received signal = =100 dbm) for two consecutive passes, the first with the
loop bandwidth set at 152 Hz andthe second with it set at 12 Hz (Reference 5). It
was thought that the greater amount of filtering in the 12 Hz bandwidth may be causing
some lag effects in the tracking data. The results of the experiment showed an agree-~
ment in residuals within .02 Hz thereby eliminating the possibility that the filters in
the 12 Hz bandwidth may be causing some lag effects in the tracking data. The results
of the experiment showed an agreement in residuals within .02 Hz thereby eliminating
the possibility that the filters in the 12 Hz loop were responsible for the residuals.

The loop SNR's at the =135 dbm to ~145 dbm received signal levels can be calculated
as follows: '
2Bg = 12Hz = 10.8db
~ Threshold = -166 dbm . .
" Noise. Density = =166 = 10.8 = -176,8 dbm. Hz
2,31. (-135 dbm) = 120 Hz = 20.8 db (Reference 5)
2 B (-145 dbm) = 78 Hz = 18.9 db (Reference 5)
Loop Noise Power (-135 dbm) = -176.8 + 20.8 = -156 dbm
Loop Noise Power (-145 dbm) = -176:8 + 18.9 = =157.9 dcbm

]
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~ the Ioop beginning to unlock and skip cycles is essentially zero (Referen:es 2, 3 and 4).
exiraction must be dlscounted

-5.3.2 Multipath Interference

CSNR (-135 dbm) = 21.0 db
CSNR (<145 dbm) = 12.9 db

With the loop operating at SNR's rangmg from 12,9 db to 21 db, the probablhfy of

Alsa, since the doppler rates are well within the tracking capability of the loc:p, the
possibility that the DSIF data acquisition system is mfroducmg errors intd.the doppler

Since the Lunar Orbiter spacecraft came at times within 40 km of the moon’s surface
at perilune, the possibility exists that the doppler residuals might have been caused
by interference of the reflected signals with the direct signal, i.e., multipath.

Multipath on the down=link signal had been ruled out previously because residuals were
still found to exist even when the spacecraft was tracked in the high power mode.

The high power mode ufilizes the travelling wave tube and the directional antenna for
transmission to Earth. In this mode the direct signal is at least 37 db larger than the
reflected signal from the lunar surface and for all practical purposes "swamps" out the
reflected signal. R ’

For the case of up-link multipath the reflected signal must be considered in more
detail. The geometry that would exist for a maximum reflected signal is shown in
Figure 5.2, In this case the entire beam intersects the moon and perilune occurs.

at the center of the moon's disc.

' ILLUMINATE,D'
SURFACE AREA

: ‘ FIGURE 5 2
GEOMET RY FOR WORST CASE MULTIPATH

-

U3 2802 1434 REV. 8RS
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The power density at the moon resulhng from the DSIF transmitter moy be determmed .
frqm the radar equation. »

PG
4798

Fd = ‘powe_r density at the moon
= transmitted power = 10 KW ‘
= transmitting antenna gain = 57 db = 1.26 x 105

ran e fo the moon = 384,000 km
) (1.26 x 1 .

'(3_.&4 x 1092
P, = 6.82x 1074 w/km?

il

~ The system losses. involved in the transmitting system ‘amount to 0.7 db Taking th:s
- factor into accounf yields o power densn'y at the moon of 5. 8 x 1074 w/km

The amount of energy reflected by the moon is dependent upon an efficiency factor, E

E = "IP_GM
.‘ where | X ? T ST N
‘1 = 'reﬂeéﬁvify
:p' = 'direcﬁvir‘y .
| GM' = gain of the moon ‘ |
For purposes of analysis, the moon will be conscdered as an isotropic rodmtor (G l),
~and the value of n¢ will be taken as 0.075 (Reference 7). - The reflected power
'denﬂfy is  then : s :

=}
Pag = (007 Py
PdR = ..‘4“34." 107 v{/kmz | v t{"v,.:‘
Since- a major portion of the reflected enefgy comes from the 'centerv bf the illuminated -

moon disc (References 7 and 8), the reflected power density may be approxlmated by a
source ( 33) at fhe center of the moon whose power denslry at the surface is~ .

‘,434211 w/km

‘When the spacecraft is 40 km above the surche, the distance from tbe eenter of the
- moon in terms of the moon® radius, r, is us ‘Follows:

SHEET Il
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d=4kn+r  ro= 1738km
od 18 oo ; -
. ';' A=' ms = 10023
d = 1.023r
d2 = 1,0465 2
| The power density at the spdcecraﬁ is -
: : P
Pa ~sfe T Fw -;7
. P - .
= - L
AT s i

P

= (4.34 x 107%) (0.95554)

=" 2
Py /e = 4.15 x 105 w/km

Y

i

The effective area, Aeff" of the omnidirectional antenna (assuming a gain of unity) is

A .. o= k :
eff 4w
A o 0.42x107H2

o (.25 x 10h)
= 1.6 x 10°? km?

‘A ‘Aeff
- The power received at the spacecraft is:
o : Pl' 'Gf
1)  Direct Link = (A
. 4n R2 eﬁ) A

= Gax 107 qex 10y
e 9.28* 10.]3 watts ,

= -90.3 dbm
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2 Mipath = G- 50 A
EE = @.15x 105 (1 6 x w")
= 6.64x 10 wa
xo= -101.8 dbm
For @ worst case cmalysxs at apoiune-—where apolune occurs at fhe center of fhe discm=

the distance of the spucecraft from the center of the moon in terms of the moon's radius
r' IS :

L}

1800 km + r
1800 + 1738
= ———WR-—- — 2004

obﬂ'ln.n.-'

= 4.15 2

The power in the multipath signal can be calculated as before. For this value of d2,
the power in the multipath signal ot the spacecraft is 1.67 x 10-14 watts or ~107.8 dbm.

From these calculations the difference between the direct and multipath signals may be
determined. Table 5.4 lists the differences at perilune and apolune.

. SIGNAL POWER (DBM)

- DIRECT MULTIPATH DIFFERENCE (DB)
Perilune -90.3 -101.8 11.5
Apolune -90.3 -107.8. 17.5
TABLE 5.4

_DIRECT AND MULTIPATH SIGNAL POWERS

- Since the signal in the carrier tracking loop is sinusoidal, the interference of the two
'signals-direct and multipath may be represented by the phasor diagram of Figure 5.3..

— MULTIPATH

FIGURE 5.3

SUPERPOS!TICN OF TWO SlNUSOlDAL SIGNALS

SHEET 54
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Assuming that the magnitude of the direct signal, OA, is unity, the magnitude of the
interferring signal, AC, varies between .071 (-11.5 db) and .018 (~17.5 db). It is
immediately apparent that the interferring signal can never cause the instantaneous
resulting phase, ¢, to even dpproach 90° which is the condition required for the loop
to skip a cycle. The interferring signal will, however, cause some residual phase mod-
ulation. The frequency of the multipath signal, AC, is the same as the direct signal,
but the amplitude will change as a function of time along with the phase (@ in
Figure 5.3). The amplitude will be changing as a function of time because the altitude
~or distance to the moon is changing as the spacecraft moves through its orbit and also
because the irregularities in the lunar surface preclude @ uniform reflected signal. The
- direct signal, OA (Figure 5.3), may be represented as a constant, unity, and the :
reflected signal, AC, by a(t) since both signals have the same frequency. The resultant
signal, OC, may then be expressed as 1

o = [(1+al) cos 92 + (@) sin 9] V2 cos Wt+e)

where

N =1 a(t) sin ©
L [1 + a(f) cos O

e = Phase of reflected signal with respect to the direct signal.
The resultant 'signal contains both amplitude and phase modulation. ‘
The amplifﬁde modulation represented by [(1 + aft) cos 9)2 + (a(t) sin 9)2] 1z is

removed by the limiter in the spacecraft transponder. However, the phase angle, ¢,
results in the presence of an additional frequency component, A, in the tracking loop.

: d , _

mINST z dr (a’cf+¢) = mc+%

A a) | = -:-:fg - |

Since a(t) is small with r;aspecf to Qnify, the expression for the phase, ¢, becomes

¢ = tdti'r'l;‘if[]f:(g(t)":: g] % tan”" (alt) sin ©)

¢ = aft) sin @

The above. phase modulation then is responsible for the frequency of the .resultant signdl
received by the spacecraft to be continually varying about a mean value equal to the
frequency of the direct up~link 'signal. Since the wavelength of the S-band signal is
very small compared to the altitude of the spacecraft, the phase of the multipath signal
with respect to the direct signal will essentially be random. This is to say that the
reflected signal will have gone through many revolutions (cycles) before it reaches the
spacecraft--hence the probability that reflected signal leads the direct signal (@ positive
in Figure 5.3) is roughly the same as the probability that the reflected signal lags ..
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the direct. signak (8 negative in Figure 5.3). Thus over a period of time, the leading
and lagging reflected signals would average out and would not produce any net effect
on the direct signal, Therefore, the possibility that up-link multipath is responsible for .
the doppler-residuals must also be ruled out. This conclusion can be further substantiated
by tracking data from LO Ill where perilune occurred at the edge of the lunar disc.
In this circumstance the line of sight to the spacecraft did not intersect the moon and - '
only half of the DSIF antenna beam intersected the moon. The part of the moon that is
illuminated under these conditions is the edge portion where the moon’s curvature will

. produce more diverse scattering of the up-link signal. In this case the reflected signal
to the spacecraft would be minimal and the effects of multipath significantly reduced.
Even under these condifions residuals were still found to exist. (See Figure 5.4).

5.3.3 One-Way Tracking Experiment - L.O. V

A post mission experiment was conducted with Lunar Orbiter V in which the spacecraft
was tracked one way through perilune and apolune in a further attempt to investigate
the possibility that up-link multipath may be responsible for the doppler residuals.

Figure 5.5, illustrates the one~way doppler and doppler rates which existed during this
experiment, - The signal strength at the DSIF receiver was =142 dbm during the track.
For the tracking loop of the DSIF receiver, this corresponded to @ SNR of =142-(~146)
= 24 db over design threshold (for 2 Biy = 12 Hz). At this SNR the loop is capable
.-of tracking a doppler rate of 115 Hz/sec with a frequency offset up to +70 KHz
(Reference 5). The maximum frequency offset during the experiment was approximately

|- 43 KHz with o peak doppler rate of 2 Hz/sec. This is well within the tracking cap-

abilities of the loop so it is extremely unlikely that any errors were introduced into the
tracking data by the doppler exiraction system. '

5.4 RESULTS

The spacecraft received signal strength during all Lunar Orbiter missions was of sufficient
magnitude that ithe transponder phase lock loop was always operating under strong signal
conditions. Under these conditions the loop was always operating well withinits capabil-
ity to track the received ground signal.

The largest stress which the transponder loop experienced was the frequency offset intro-
duced in Missions [ll through V.. During these missions the total frequency offset-~DSIF
transmitter bias and doppler shift--approached 55 KHz; this still wos more than 8 KHz
_within the capability of the loop.* Missions | -and Il did not have any frequency bias
introduced by the DSIF transmitter, and the stress experienced by the loop was an offset
on the order of 15 KHz~-more than 48 KHz within the capability of the loop.* Since
residuals occurred through all missions, there is no reason to believe that the loop per-
formed any less satisfactorily during the last three missions than during the first two.

* (For a received signal level -110 dbm)
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The. DSIF received signal strength during-all missions was of sufficient magnitude that the
signal-to-noise ratios which existed in the receiver phase lock loop were 21 db to 31 db
over design threshold for the 2 B; » = 12 Hz noise bandwidth. At these SNR's the loop

~ was always well within its tracking capabilities by a substantial margin so there is little
reason to believe that any discrepancies were mtmduced mto fhe doppler exiraction by
the DSIF receiving system. :

Mulhputh has also been mveshgated as a poss:b!e cause for the doppler resnduals. Down-
link multipath had already been ruled out because previous experiménts had shown that
residuals were still present even when tracking was conducted with the spacecraft in a
high .power mode. The directional antenna used by the spacecraft for transmission in
this mode results in the direct s:gnal bemg at least 37 db larger than the reflected

i slgml .

_ Analysis of uplink multipath has shown that the reflected signal is on the order of 11.5 db

- less than the direct signal for a worst case condition (maximum reflected signal). For
this value of reflected signal strength, and because of the special phase relationships
required for multipath interferénce, there is little reason to believe that uplink mulhpafh
is responsible for the doppler res:duals. :

5.5 caré:cwsz

The ‘cénclusion. of- this study is that the dopp!er resudba!s ‘were not caused by the
~Spacecraft-DSIF data acquisition system. :
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6.0  ONE-WAY DOPPLER TRACKING

6.1 INTRODUCTION

An experiment involving one-way doppler tracking of the Lunar Orbiter V spacecraft
was accomplished to determine if one way data exhibits residual oscillations similar to
that prevalent in two and three way doppler data. One way tracking involves the use
of an oscillator on-board the spacecraft as a frequency reference for the doppler track=

~ ing. This is in comparison to the normal two-way doppler tracking where the fre-

" quency reference is at the tracking station and the spacecraft acts mainly as a signal
reflector. The experiment was conducted to eliminate uplink electronics and multi-
path effects as a possible cause of the residual phenomenon. '

6.2  METHOD OF ATTACK

On Days 30 and 31 of 1967 Lunar Orbiter V was tracked one-way during perilune
passage on two orbits and the included apolune region. Analysis of the data obtained
during this period was accomplished for the major purpose of determining if the perilune
residuals are present in the one~way tracking data. The data at apolune was analyzed

to verify that variations in doppler residuals were only present at perilune.

The orbital geometry at the time of the experiment is indicated in Table 6.1,

Epoch:  Day 30 207 49™ 25,185

Semi-major axis 2831.57 km -
Eccentricity 0.328267
+'v; Argument of periopsis _ 6.45 deg

Longitude of ascending node 283.38 deg
Inclination 84.68 deg
Perilune radius 19021 km

__ Apolune radius 3761.1 km |

. Sun longitude 170.45 deg. E

" -Sun latitude 1.44 deg. .S
Earth longitude 5.30 deg. E
Earth latitude _ 5.40 deg. N

- Perilune longitude 76,03 deg. W -
Perilune latitude 6.42 deg. N

ORBITAL ELEMENTS SELENOGRAPHIC OF DATE COORDINATES
' TABLE 6.1 .
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A pictorial representation of the geometry is presented in Figure 6.1.

6.3  ANALYSIS

Analysis of Lunar Orbiter V one-way tracking data required a period of two and three-
"way tracking in order to obtain an accurate state vector solution. The lack of temper-
ature control of the spacecroft’s auxiliary oscillator caused frequency drifts which would
not allow the use of one-way doppler data for orbit determination.

' The change in transponder temperature during the experiment period is shown in
Figure 6.2, based on spacecraft telemetry data. The overall downward frend in temper-
ature is due to the gyro drift which is increasing the off-sun angle. The small oscill-
ations are due to limit cycling within the IRU~(Inertial Reference Unit) dead-bdnd .
(£2 degrees). This limit cycling can be seen in Figure 6.3 during the time period of

~ interest.  The yaw position error is most significant since the off-sun angle was pre-
dominantly about the yaw axis and changes in yaw position will have the greatest
effect on transponder temperature.

Telemefry acquired during the experiment period also provided data on solar array
current as plotted in Figure 6.4. There is a direct relation between array current and
the spacecraft off-sun angle which is the dominant factor causing changes in transponder
temperature. -The combined effects of gyro drift and limit cycling are obvious from the
figure where an increase in off-sun angle is indicated by a decrease in array current.
From this data it is obvious that a partial solar eclipse of the spacecraft occurred about
2050 GMT on Day 30 during perilune passage. The rapid increase of solar array
eurrent and trunsponder temperature (Figure 6.2) ofter 0100 GMT Day 31 is due to a
yaw maneuver back to the sun line in preparahon for the impact maneuver of Lunar
Orbiter V.

6.4 RESULTS

Processing of the one~way tracking data involved an initial solution for a state vector
using two and three-way doppler data surrounding the experiment period. Using this
as the best estimate of the spacecraft trajectory it was possible to remove the doppler
shift due to tracking station, lunor and spacecraft relative motion. Removal of this

_ doppler shift resulting in Figures 6.5, 6.6 and 6.7 which are plots of one-way doppler
residuals for the three experiment penods. Transponder frequency changes caused by
‘temperature varigtions are the obvious cause of the large doppler residuals in the one-
way data. : :

The orbit determination progrom (ODPL) has the ccpabﬂify of removmg a linear fre* :
-quency drift from the one-way doppler data. In order to analyze this data it was
necessary to determine regions af linear temperature change in whxch to apply fhe
con'echon. .

. (text continued on page 69)
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The processing of doppler data during apolune passage required little initial analysis
_since the transponder temperature remained relatively constant during the time period
(Figure 6.8). The solar array current plotted from telemetry data in Figure 6.9,
indicates the gradual drift of the spacecraft off the sun line. The orbit determination
program was then used to removed the linear frequency drift which resulted in the
doppler residual curve shown in Figure 6.10. The noise level on the data has been
attributed to fhe maccumcy of fhe frequency standard on board the. spacecmﬁ.

Processing the doppler dafa during perilune passage required a more thorough analysis
of the transponder temperature variations. Figure 6.11 indicates the temperature changes
during this time period. The solar amray current plotted in Figure 6.12 indicates the
reason for the non-linear temperature variation. I[n order to process this data it was
necessary to select time intervals where the temperature change was linear. Three of
these intervals were found and the results are shown in Figure 6.13. Also included in
" this figure is an example of two~way doppler residuals occurring in the tracking data
two orbits prior to the experiment period. The general shapes of the two eurves indi~
cate very good agreement, |t appears that the doppler noise level is directly propor=~
tional to the doppler rate since at apolune the rate is 0.25 Hz/sec and at perilune

the rafe is 2 Hz/sec.

6.5  CONCLUSIONS

Based on the results of this study it can be stated that cyclic residuals exist in the
one~way doppler data at perilune which are similar to the two and three-way doppler
residuals in evidence during all Lunar Orbiter missions. Also the absence of such an
effect at apolune is obvious. S

~ This study, in effect, removes as a posSib(e cause of perﬂune doppler residuals the
station and spacecraft uplink electronics and also the uplink multipath effect (inter-
ference of reflected and direct signals to the spacecraft).

A secondary effect of this study is the obvious poor quality of one~way tracking data
for use in the orbit determination process due to its sensitivity to temperature variations.
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7.0 LUNAR ATMOSPHERE

7.1 ENTRGDUCT!ON

. The possnbehi'y that the presence of a residual atmosphere due to a cometqry impact
eould coniribute fo the residual phenomenon was investigated. It is possible that the
least-squares fitting procedure can lead to misleading -results when an incorrect model
s used. The effect of an unmodeled parameter can be hidden by variations in other
parameters (in the fit) with which it is correlated. The presence of an atmosphere
would necessarily cause a delay in the orbital period of the spacecraft but the fact
that drag was not modeled in the orbit determination program makes it possible that a
secular decoy in orbital period could be hidden in the least=squares fitting procedure.
A direct measurement of the orbital period of the spacecruft would resolve the
question.

7.2 METHOD OF ATTACK

An experiment conducted with Lunar Orbiter V made it possible to directly measure
the erbital period of the spacecraft. The experiment involved the recording of space-
eraft sun occultation times to an accuracy of 0.1 seconds. The recordings were. '
accomplished over a time period of 35 days which allowed a study of any secular trend
in the spaceemft orbital period.

7.3 ANALYSIS

The time period between two successive sun occultations is not a direct measure of
the orbital period. The fuct that the angle between the sun line and the orbit normal
is changing at the rate of approximately one degree a day indicates that the occulta-
tlons toke ploce at @ different lunar position each orbit. This implies that the time
between successive sun occultations must be modified to account for this rotation in
order fo obiain the vue orbital period. The data acquired during the experiment is
shown in Figure 7.1,

7.4 - RESUL‘!‘S

The data obtained during the expenmenf was modified fo obtain the true orbital perlod
A plot of the results are shown in Figure 7.2,

A preliminary am?ysis was performed to determine if an atmosphere could cause residuals
of the proper magnitude. As o sample case the Lunar Orbiter [l Apollo type orbit
(perilune altitude = 150 km, apolune altitude = 350 km) was chosen for comparison.

This orbit was selected because of:the rekmvety low altitude during the whole orbital

pernoci

~
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The rad:al velocity equaﬁon ‘was used to compute doppler restduals from deviations of
orbital elements : , , .

Radial Velocity = -—Ez sin i [e cosw + ¢os (v + e )]
. v a(l-e ’ T

¢ = semi-major axis

e = eccenfricity

i ‘= plane~of-sky inelination

w = plane-of-sky argument of perilune
¥ = frue anomaly - '
B = |unar gravitational constant

\ Doép! er shift
¢

Doppler
Residual (Hz)

radial velocity (km/sec.) x 15,300

= observed doppler (Hz) - p}edicted doppler ’(Hz)

By integrating the effects of suspected perturbing sources (e.g. lunar atmasphere) over
che or more crbai's) the characteristic residual signature of a given perturbation due to
a lunar atmosphere is shown in Table 7.1.

Nominal Selenographic Orbital Elements:

Semi-major oxis = 1968.1 km
Eccentricity = 0.0435

Inclination = 20,88 deg.
Argument of periapsis = ~5,69 deg.
Longitude of ascending node = 60,36 deg.

Perturbations at End of 2 Orbits Due to Drag:

- Semi~major axis = «0.16 km
Eccentricity, = =0.00002
Atmosphere Definition: R
Base density at 50 km = 0.35 kg/km®
Scaie ‘height : = 226 km

TABLE 7 l » o
~ ORBITAL ELEMENT PERTURBATlONS DUE TO SELECTED LUNAR ATMOSPHERE
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The corresponding residuals are compared to the actual orbit determination residuals
in Figure 7.3. It should be noted that the effects of perturbations on the orbit are
eumulative; hence, the residuals will increase in size as time progresses. However,
the actual residuals are computed by the orbit determination program such that any
cumulative efforts have been averaged out. « ‘

7.5 CONCLUSIONS

In order for an afmosphere to be the cause of the resuduuls experienced in Lunar
Orbit the density would have to be of a magnitude large enough to cause a significant
decoy in orbital period. For the sample case investigated the decoy was on the order
of 0.5 minutes per day. The results of the sun occultation data indicated that a
decrease in period (in excess of 2 seconds) did not occur in the 35 days considered.

It is obvious from this study that the existance of a significant lunar atmosphere is
unlikely above the altitude of 100 km (perilune altitude of the Lunar Orbiter V orbit).
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8.0~ SURFACE TERRAIN CORRELATION
8.1  INTRODUCTION

An investigation was performed to determine if irregular surface features in the form

of highlands and lowlands could cause gravitational perturbations accounting for the
* residual phenomenon. These surface features could not be modeled by the relatively
low order (fourth or seventh) lunar harmonic gravitational models used in the orbit
determination program. ’ .

It was determined fhaf Lunar Orbiter spacecrcff flying over the same terrain had similar
residual patterns. Figure 8.1 shows the residual pattern for Lunar Orbiters Il and Il
passing over the same area. There are very distinct similarities in the two curves. The
same two spacecraft passing over different lunar terrain again show similarities in their
residual patterns. There are significant differences between this latter set of curves
(Figure 8.2) and the previous set (Figure 8.l) indicating some correlation between d0pp|er
residuals and the spacecraft ground track .

8.2 METHOD OF ATTACK

An analysis similar to that described in Section 7.4 ‘was used to determine if realistic
surface features could cause residuals of the magnitude experienced during the Lunar
Orbiter missions. For the example case used (Lunar Orbiter lil Apollo type orbit) the
“spacecraft passed over a highland region at a relatively low altitude. This region was
in the vicinity of the crater Longrenus and was simulated by a point mass perturbation
located at the center of the crater.

A correlation of residual patterns resulting from single orbit OD fits to the surface
terrain beneath the spacecraft was also attempted. The relative surface profile was
obtained from the Lunar charts published by the Aeronautical Chart and Information
Center (LACQ).

8.3  ANALYSIS

‘The Lunar Orbiter Il Apollo type orbit was used in this study since in the nearly
circular orbit the effect of surface terrain (if improtant) would manifest itself in the
doppler residuals throughout the whole orbit. The Lunar Orbiter 1l and Il photographic
orbits. were also investigated since each spacecraft passed over similar lunar terram at
equivalent altn‘udes.

8.4 RESULTS

A comparison of residuals obtained from Lunar Orbiter data and those obtained from
perturbation analysis (Section 7.4) due to surface irregularities is shown in Figure 8.3.
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The point mass perturbation used for this study was located at the site of the crater
Langrenus (longitude = 61° E lah ude = 9° S ) at a radius of 1739 km. A gravita~
tional constant of 0.005 km /sec was assigned to the point mass to simulate a
mountain with an alhtude of 3.6 km and a base diameter of 150 km.

At the completion oF two orbits with only the presence of the point mass perturbing
the flight path the following otbital elements were per’rurbed by the amount shown:

inclination = ~0.00! degrees
time of periapsis -passage = -0.04 seconds

all other elements remaining unchanged.

It is obvious from Figure 8.3 that the general shapes of the two residual curves do
not agree but the maximum magnitude of the residuals do correspond.

Figure 8.4 indicates the residual pattern exhibited by the doppler data as the- space~
craft passes over the surface terrain shown. Sharp spikes in the'residuals are present
when there is a drastic change in surface elevation beneath the spacecraft. Also the -
escillations in the residuals correspond closely to the terrain changes.

A\

8.5 CONCLUSIONS \
| \

It has been shown that doppler residuals of the magnitude experienced during the

Lunar Orbiter missions can be simulated with perturbations caused by realistic lunar

surface features. Other. studies have also verified this result (References 9 and 10).

Correlations between residual patterns and the ground track of the spacecraft have been
established by the investigation of res;duals from different spacecraft passing over the
some lunar terrain.

The low altitude, nearly circular orbit of Lunar Orbiter Il exhibited o different trend
in residuals than the other orbits. Normally the peak doppler residuals were in the
region of the orbit periapsis but in the low orbit the maximum residuals occurred in
various positions along the orbit. Thése peak residuals have been correlated to
visible surface features in some cases and to masses buried beneath the lunar su;face
in other cases (Reference ).
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